(HDS) of dibenzothiophene (DBT) and 4,6-dimethyldibenzothiophene (4,6-DMDBT) and hydrogenation (HYD) of tetralin were investigated by use of a series of Mo/Al2O3 and 4,6-DMDBT for hydrodesulfurization increased with increasing amount of cobalt added at lower Co/Mo molar ratios (below 0.5). At higher Co/Mo molar ratios (above ca. 0.5), however, the promoting effect of cobalt for DBT increased only slightly.
Introduction
Hydrodesulfurization (HDS) of sulfur-containing petroleum fractions has long been one of the major catalytic operations in the petroleum industry1),2). Alumina-supported Co(Ni)-Mo catalysts are most widely employed catalysts in these operations.
Recently, deep desulfurization of light gas oil has become one of the global problems3)-6) that urgently needs to develop effective catalysts for such desulfurization; thus, various attempts have been made to improve the performance of conventional Co-Mo/Al2O3 catalysts7) -11) . Recently, a number of studies with the use of some transition metals like Ni and Ru as promoters to alumina-supported Mo or Co-Mo catalysts have been reported. In most of these studies, however, only benzothiophene (BT) or dibenzothiophene (DBT) was used as a typical sulfur-containing compound12),13) and HDS was often carried out at atmospheric pressure. There are few studies dealing with the promoting effect of Co on Mo/Al2O3 catalysts for HDS of DBT7) -11) and there are also only few studies dealing with the promoting effect of Co on Co-Mo catalysts for HDS of 4,6-dimethyldibenzothiophene (4,6-DMDBT)14)-16),
In order to elucidate the role of cobalt on Co-Mo/Al2O3 catalysts, various kinds of Co-Mo/ Al2O3 catalysts were prepared and HDS of DBT and 4,6-DMDBT were carried out. Moreover, during the HDS of DBTs, HYD of tetralin, which was used as a solvent, to decalin was also determined.
Effects of the molar ratio of Co to Mo on HDS and HYD were investigated. Reaction mechanisms on HDS of DBT and 4,6-DMDBT were also estimated from product selectivity. Figure 1 shows the effect of Co/Mo molar ratio on the total conversions of DBT, and the yields of BP and CHB by use of the catalysts of Co-Mo series. The conversion of DBT increased markedly at lower Co/Mo molar ratios, and it became constant at higher Co/Mo molar ratios (above ca. 0.5). Figure 2 shows the effect of Co/Mo molar ratio on the conversion of 4,6-DMDBT, the yields of 3,3'-DMBP and 3,3'-DMCHB by using the same catalysts of the Co-Mo series. The conversion of 4,6-DMDBT increased up to the Co/Mo ratio of 0.5, and it decreased with further addition of cobalt.
Moreover, at the Co/Mo molar ratio of 0.5, the maximum conversion was observed.
The reaction rate constants of HDS and HYD were calculated by assuming that DBT, 4,6-DMDBT, and tetralin conversions proceeded according to the pseudo-first order reaction.
The reaction rate constants of HDS and HYD were calculated by Eq. (1).
Where kHDS or HYD is the rate constant of HDS or of 4,6-DMDBT, and tetralin; F is the feed rate of reactant (mol/h); W is the catalyst weight (g-cat).
The ratio of k/k0 is plotted against Co/Mo molar ratio as shown in Fig. 3 were obtained when the Co/Mo molar ratio was below 0.5. However, at higher Co/Mo molar ratio (Co/Mo>0.5), both k/k0 values for 3,3'-DMBP and 3,3'-DMCHB decreased with increasing Co/Mo molar ratio. These results indicated that the promoting effect of cobalt for DBT and 4,6-DMDBT was almost the same at lower Co/Mo molar ratios, but at higher Co/Mo molar ratios (above ca. 0.5) it was different for DBT and 4,6-DMDBT.
HYD Activity
In HDS of DBT and 4,6-DMDBT, tetralin was used as a solvent. During the reaction, tetralin was hydrogenated to decalin. Figure 4 shows the effect of Co/Mo molar ratio on the conversion of tetralin to decalin during the HDS of DBT and 4,6-DMDBT. The HYD reaction rate constants were calculated by Eq. (1), and the relation of Co/Mo molar ratio vs. ratio of k/k0 is shown in Fig. 5 . The HYD activity of tetralin during HDS of DBT and 4,6-DMDBT increased at lower Co/Mo molar ratios, but at higher ratios (above ca. 0.5), k/k0 values became 4. This result was very similar to that of DBT conversion to CHB, as shown in Fig. 3. 4. Discussion energy of the unpromoted Mo/Al2O3 catalyst. For both cases of DBT and 4,6-DMDBT, the increase in the catalytic activity by addition of cobalt was due to the increase in the frequency factor because the activation energy itself did not change significantly. Therefore, it is likely that the promoting effect of cobalt could be explained as a result of the formation of new active sites.
To understand the promoting effect of cobalt on HDS, several structural models have been proposed. The intercalation model was initially developed by Voorhoeve and Stuiver19). They assumed that Co or Ni ions occupied the octahedral intercalation position between the slabs of MoS2 structure. Farragher and Cossee20) later proposed a modified model in which intercalation was assumed to be restricted to the edge surfaces of the MoS2 lattice (pseudo-intercalation). Karroua et al. 21 ), Zabala et al. 22) , and Goetsch et al. 23 ), showed that Co9S8 exhibited an promoting effect appreciably when it was intimately blended with MoS2. The contact synergy model was initially developed by Delmon and co-workers24),25). Unsupported catalysts showed the presence of bulk MoS2 and Co9S8, and it was proposed that such phases also existed in the supported catalysts. The promoting effect of Co was attributed to the result of the spillover of hydrogen from Co9S8 to MoS2, thereby enhancing the intrinsic activity of the MoS226). These models were explained qualitatively rather than quantitatively; therefore, it is not clear at the present time whether the intercalation model or the contact synergy model is essential to the promoting effect.
The presence of an active phase, called "Co-Mo-S" phase, in supported and unsupported Co-Mo catalysts has recently been identified by Topsoe and his co-workers7),27)-31) using Mossbauer and IR spectroscopy. The combined results of activity and Mossbauer and IR spectroscopy studies of both supported and unsupported catalysts have shown that most of the catalytic activity is linked to the presence of the promoter atoms in Co-Mo-S. The in-situ studies showed that phases other than Co-Mo-S [e.g., Co9S8 and Co in the alumina lattice (Co: Al2O3)] might be present in typical alumina-supported Co-Mo catalysts (Fig. 8)) . Recently, the existence of the Co-Mo-S phase in the supported sulfided Co-Mo/Al2O3 catalysts has also been verified by XPS32) and EXAFS8).
Recently, we have reported on the studies of HDS reaction of DBT on Mo/Al2O3 and Co-Mo/Al2O3 catalysts using a 35S radioisotope tracer method33)-36). The behavior of sulfur on the catalysts was investigated, and a difference in the behaviors of the catalysts was observed.
The promoting role of cobalt was attributed to the cobalt atom that permits the sulfur present in the Co-Mo-S phase a greater mobility.
In the case of Mo/Al2O3, we have also reported that molybdenum was dispersed on the alumina support by a monolayer of molybdena up to 16wt% and that HDS activity increased with increasing content of molybdena36). In the case of Co-Mo/Al2O3, cobalt is dispersed on Mo/Al2O3 and combined with the molybdenum to form a new and highly active site such as Co-Mo-S phase.
From Fig. 3 , the formation of both BPs and CHBs was promoted with an increase in the Co/Mo molar ratio at a lower Co/Mo level (Co/ Mo<0.5), suggesting that cobalt could be dispersed on Mo/Al2O3 with a lower cobalt content (Co/ Mo<0.5) and that two molybdenum atoms could load one cobalt atom successfully.
However, when the cobalt content is higher (Co/Mo>0.5), the surplus cobalt may cover the highly active Co-Mo-S sites. In this case, compounds with methyl groups, such as 4,6-DMDBT, which cause steric hindrance, cannot approach the highly active sites; thus, HDS of 4,6-DMDBT and HYD of aromatic rings in 4,6-DMDBT will be inhibited. As a result, at higher Co/Mo molar ratios (Co/ Mo>0.5), k/k0 values for both 3,3'-DMBP and 3,3'-DMCHB decreased with increasing Co/Mo molar ratio as shown in Fig. 3 . However, in the case of DBT, although the surplus cobalt may cover the highly active sites, the DBT can still approach the highly active Co-Mo-S sites because it does not have a methyl group.
That is, if large masses of Co9S8 which are formed from surplus cobalt on alumina exist near the Co-Mo-S sites as in Fig. 8 , the approach of 4,6-DMDBT to the Co-Mo-S sites would be more difficult than that of DBT. According to the literature, the HDS rate of thiophene approached the maximum in the range of Co/Mo ratio from 0.5 to 1.0, but in the range of Co/Mo higher than 1.0, the rate decreased or was not affect30),31),37)-39). In this paper, the rate of HDS of DBT was constant and the rate of HDS of 4,6-DMDBT decreased at Co/Mo ratios above 0.5. It seems that the HDS of three ring 4,6-dimethyldibenzothiophene as well as dibenzothiophene is more sensitive to the change in the catalyst structure brought about by addition of cobalt than that of thiophene.
In the case of HDS of DBT and 4,6-DMDBT, the k/k0 values for BPs formation in Fig. 3 were approximately 20 at Co/Mo molar ratio 0.5. In contrast, in the case of HYD of tetralin, the k/k0 values for decalin formation shown in Fig. 5 were approximately 4 at Co/Mo molar ratio 0.5. These results clearly indicated that cobalt enhanced the HDS activity more significantly than HYD activity. On the other hand, the behaviors of HYD of tetralin and HYD of DBT to CHB were very similar. The k/k0 values for decalin formation in Fig. 5 and for CHBs formation in Fig. 3 were both approximately 4 at Co/Mo molar ratio 0.5. These results showed that the HYD of tetralin and HYD of DBT occurred on the same active sites.
Conclusion
The activity of hydrodesulfurization of DBT and 4,6-DMDBT increased with increasing amount of cobalt added at Co/Mo molar ratio below 0.5. At higher Co/Mo molar ratios (above ca. 0.5), however, the addition of cobalt increased the activity of HDS of DBT but slightly. In contrast, further addition of cobalt decreased the activity of HDS of 4,6-DMDBT. The rate constants of formation of BPs at the Co/Mo molar ratio of 0.5 were approximately 20 times higher than those for the unpromoted Mo catalyst, while the constants of CHBs at the Co/Mo molar ratio of 0.5 were approximately 4 times higher. The rate constants of formation of decalin at the Co/Mo molar ratio of 0.5 were also approximately 4 times higher than those for the unpromoted Mo catalyst. The cobalt enhanced the HDS activity greater than HYD activity. Moreover, it seemed that HYD of tetralin and DBT occurred on the same active sites.
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